This work presents the friction and wear behaviour of two fully formulated (polyalphaolefin-and mineral-based) 
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Introduction
Wind energy is an important and strategic subject because of its relation with reduction of CO 2 emissions and climate change; and wind turbines are broadly used in renewable electricity generation. The low rotating speed of the main shaft within a wind turbine requires the use of a turbine gearbox (multiple stages gear train) in order to multiply the speed of the secondary shaft until the correct angular velocity values used for the generator are reached [1] . The gearbox, more than any other component in a wind turbine, has the higher repair costs and greater downtimes because of failures. This fact has led to the manufacturing of direct drive wind turbines, but the comparison in terms of reliability between this new type and the geared drive still requires consideration. One of the most important problems of wind turbines is the fact that the optimum viscosity and anti-scuffing properties of oils are reached at temperatures above 80ºC. At temperatures lower than 60ºC, the anti-scuffing protection diminishes resulting in higher wear. On the other hand, above 80ºC is difficult to maintain an effective lubricant film and that is why the utilization of synthetic oil in this situation is employed [2] . Friction between meshing teeth is the highest source of energy loss in the gearbox. However, the rolling bearing friction represents
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approximately 30% of the energy losses. These energy losses also depend on the physical and film forming properties of the gear oil [3] [4] [5] [6] .
Taking into account the industry challenge of improving tribological behaviour of material pairs, the development of high performance gearbox oils with the inclusion of new additives is one of the most promising approaches. The addition of ionic liquids (ILs) into novel high performance lubricants has been proposed several times [7] . The ILs are salts, formed by organic or inorganic cations and anions, with a melting point lower than 100ºC. The special characteristics of ILs are their chemical and thermal stability, tunable properties, electrical conductivity, low vapour pressure and high thermal conductivity. These characteristics allow the usage of ILs within different tribosystems, in vacuum applications, in harsh conditions, etc. [8] .
Ye et al. [9] published the first paper on the use of ILs in lubrication demonstrating the excellent tribological behavior shown by different imidazolium-based ILs for various material pairs in sliding [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The most common anions examined in the tribology literature are BF 4 and PF 6 , but their hydrolytic instability and tendency to produce corrosive HF have been reported [27] . Merck KGaA has developed a new category of ILs using the FAP anion, which has an improved hydrolytic stability [28] .
Different FAP-anion based ILs have been studied both as additive and as a neat lubricant for different materials pairs exhibiting excellent friction and wear reducer behaviour [20] [21] [22] [23] [24] [25] [26] . Some review papers [29] [30] [31] [32] have detailed the advantages of using ILs in tribology, their thermal and oxidative stability, and their tribochemical reactions.
Two approaches have been explored concerning the use of ILs in lubrication: as pure lubricants or base stocks, but this solution has the problem of the higher cost of the ILs compared with hydrocarbon oils, and as lubricant additives, which is a cheaper solution even though the low solubility of ILs in non-polar hydrocarbon oils [33] . The friction and wear behaviour of ILs as additive or as pure lubricant have been studied using synthetic and mineral oils, or even fully formulated oils, as base oils or reference samples [27, [33] [34] [35] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The additivation value of fully formulated oils with ILs needs further consideration and research.
However, the combined effect of the IL with already existing oil additives has been studied by Qu et al.
[36] demonstrating the improved performance of SAE 5W-30 engine oil with the addition of a phosphonium-based ionic liquid in a concentration of 5 wt%. Similar result was obtained by Greco et al.
[37] using 1 wt% of nano-colloidal boron nitride as an additive within a fully formulated wind turbine gearbox oil. Accordingly good antiwear properties, hydrolytic stability and hydrophobicity of the [NTf 2 ]
anion reported by Minami et al. [16, 30] . This paper studies the effectiveness of using two ionic liquids 
Experimental details
Two fully formulated ISO VG 320 gear oils were employed in this study. A polyalphaolefin-based (FLENDER) and a mineral-based (FLENI) oils provided by Repsol, S.A. were considered as reference samples in this work. These products are used as lubricant for wind turbine gearbox applications. Their kinematic viscosity, viscosity index and density were measured using a SVM 3000 Stabinger viscometer and presented in Table 1 . The chemical composition of these oils was previously determined by Fernandes et al. [2] [3] [4] . Before the tribological tests both ionic liquids at 5 wt% were separately mixed with FLENDER and FLENI, respectively, using an ultrasonic probe (Bandelin Sonoplus HD2200) at 70% of amplitude for 5 minutes and controlling the temperature of the samples below 60ºC. A Turbiscan Lab was also used to study during 96 hours the stability of the suspensions by light backscattering. The results showed that all suspensions remained stable for this period, only a slight increase of approximately 5% in light transmission was found at the top of the sample at the end of test. This fact is related to sedimentation, phenomenon that is characteristic of mixtures where the dispersed phase (the ionic liquid in this case) has a higher density than the continuous phase (gear oil). Therefore the stability of all samples was always higher than the planned tribological testing time. The SVM 3000 Stabinger viscometer was also used to measure the viscosity of the suspensions, Table 3 . The viscosity results showed that the maximum increase of the mixture viscosity with regard to FLENDER was between 3.4-6% at 40ºC and 2.9-10.2% at 100ºC, and between 3.8-4.6% at 40ºC and 5-6.5% at 100ºC with regard to FLENI. Thermogravimetric analysis (TGA) was used to determine the decomposition temperature of the pure lubricants and their blends with the two ionic liquids. Tests were carried out on a Mettler Toledo TGA/SDTA851 e from ambient temperatures to approximately 600ºC at a 2.5ºC/min heating rate in oxygen atmosphere. Although the well-known high thermal stability (>300ºC) of the ionic liquids, the addition of 5%wt. of both ionic liquids to the polyalphaolefin-based and mineral-based gear oils did not improve the thermal stability of the blends, which showed a decomposition temperature around 230ºC
(similar to the values of the gear oils). These results are similar to the ones obtained by Yu et al. [38] . A Bruker UMT-3 reciprocating ball-on-plate microprocessor-controlled machine was used to perform the Corrosion character of the blends was studied by simple corrosivity tests, applying separately all the lubricants studied on the steel discs surfaces (previously cleaned and dried) for three weeks at room temperature while the corrosion activity was observed. Also, and according with other authors [39] , additional corrosion tests were made. The steel discs were dipped into the different lubricants and maintained at 100ºC for 10 h. After both tests surfaces were analysed by means of optical and scanning electron microscopy and by energy dispersive spectroscopy (EDS). However non corrosion activity was observed.
The specimens were also cleaned by rinsing in ethanol and air drying after tribological tests. The wear volume on the discs was measured using a Leica DCM 3D confocal microscope. X-Ray photoelectron spectroscopy (XPS) and scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS)
were also employed to analyse and evaluate the interaction of the lubricant with the worn surface. XPS measurements were performed under ultra-high vacuum conditions (ca. 9·10 -10 mbar) using K Mg (energy 1253.6 eV) at 200 W and 11 kV. The energy analyser was set in a constant pass energy mode and the electromagnetic lenses in high magnification mode. Low resolution spectra were taken with pass energy of 90 eV and step energy of 1 eV whereas high resolution spectra were taken with pass energy of 30 eV and step energy of 0.1 eV. Spatial resolution for analysing the wear scar was achieved by co-using the electromagnetic lenses of the analyser together with the detector slit, set as a 3 mm diameter circle.
The position of C1s spurious carbon was used to detect whether charge correction was needed. High resolution spectra were taken for iron, fluorine, oxygen, phosphorus and sulphur taking into account the composition of the ionic liquid, the steel and previous experience of the authors [20] [21] [22] [23] [24] [25] [26] .
Mathematical fitting of the spectra was carried out using Shirley-type baseline [40] and a Gaussian (70%)-Lorentzian (30%) product as model curve. The fitting procedure was performed with CasaXPS software using Levenberg-Marquardt algorithm, although supplementary optimization with the modified simplex algorithm was carried out with author's own software [41] .
Results and discussions

Friction and wear tests
The mean value of friction coefficient of the fully formulated gear oils (FLENI and FLENDER) and their mixtures with 5 wt% of the two ionic liquids under the test conditions is shown in Fig. 1 showed significantly lower friction coefficient than FLENI under these conditions. Some friction values at 100 N and 40ºC were lower or higher than its counterparts at 60 N and 40ºC not only due to the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 reaction of active element present in FLENI oil and also in the ILs, Tables 1 and 2 , but also due to the two competing processes of tribofilm formation and removal (wear) [34] . In terms of wear measured on the disc surfaces ( Fig. 3) , it can be found that the rise in temperature at 60 exhibited the lowest wear, corresponding with associated friction results (Fig. 1) . Wear results of the counterbody (AISI 52100 chrome steel balls) are not reported because wear scar was practically undetectable in most cases, with only a slight roughness variation on the samples tested at 100ºC. 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 High resolution analysis of Fe2p3/2 ( Figures 6 and 7 ) reveals a mixture of iron oxides and iron hydroxyoxides. Although the chemical differentiation among certain types of iron oxides using the Fe2p3/2 region is problematic [46] , it is clear that the surfaces are composed mainly of Fe 2 O 3 (described at 710.8 eV [47] or also 710.4 eV according to Nefedov and Salyn [48] ) and FeOOH (aprox. 711.3 eV or even 711.8 eV [47, 49, 50] ), although FePO 4 can also be found in those samples (described at 712.8 eV [51] ) lubricated at high temperature, as previously seen in the P2p band. From the above results, it can be concluded that at 40ºC (Fig. 6 ) the Fe 2 O 3 / FeOOH ratio on the surface does not depend on the ionic liquid used but on the gear oil. In fact, this ratio keeps more or less constant even if no ionic liquid is added to the gear oil. The amount of iron hydroxy-oxide is lower with FLENI than with FLENDER, probably due to its chemical properties.
Surface analysis
When the temperature of the tribological assay is raised to 100ºC (Fig. 7) , several facts happen: (a) a new layer of iron phosphate is formed, confirming the previous results obtained for P (Table 4) However, it is difficult to assign this energy, although it can be related to FeSO 4 (described at 713.6 eV [52] ) or FeF 3 (described at 713.9-714.8 eV [53] [54] [55] ). Neither S nor F could be detected in the sample.
However, Fe2p3/2 is much more sensitive than F1s or S2p (iron is almost 2.5 times more sensitive than fluorine and six times more sensitive than sulphur) and the total amount is relatively low, thus sulphur or fluorine could be below the detection limit.
The chemical composition of the surface seems to be related to the friction coefficient (see Fig. 1 ).
Friction coefficients for lubrication with FLENDER or FLENDER-IL mixtures at 40ºC are very similar, as are the surfaces chemical composition (Fig. 6) On the other hand, it becomes hard to find a correlation between the surface composition and the wear volume (Fig. 3) and the neat oil the ratio is higher in FLENI than in FLENDER, and the wear volume is also lower using FLENI than FLENDER (Fig. 6 ). When checking the results at 100ºC this behaviour seems more evident:
the larger the wear volume, the lower the Fe Fe2O3 /Fe FeOOH ratio (Fig. 6 ).
Subsequently, O1s high resolution spectra were also studied. Results are summarised in Figures 8 and 9 .
Unfortunately, the position for O1s in iron phosphate and iron hydroxy-oxides is almost overlapping (531.7 eV [50] for FeOOH and 531.8 eV [56] for FePO 4 ) and they cannot be easily identified. It can be seen also a new band between 533.0 and 533.6 eV which is present in every sample and with more or less the same weight. This peak probably comes from an oxygen-containing chemical present in both gear oils.
The results for oxygen appear qualitatively consistent with those obtained for Fe2p3/2. It is difficult to evaluate a quantitative consistence as the oxidation state for the iron oxides could not be established. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 2 ] taking into account the presence of iron phosphates; XPS points also to a correlation between the ratio of iron oxides / iron hydroxy-oxides and the wear volume, suggesting that the hydroxy-oxides contribute to worsen the lubrication; in addition, the chemical mechanism of lubrication depends on the temperature. At 40ºC the presence of ionic liquids tends to increase the ratio of iron oxides / iron hydroxy-oxides resulting in a higher percentage of wear reduction of the mixtures with regard to the gear oils; but at 100ºC the ratio of iron oxides / iron hydroxy-oxides of the mixtures is only slightly higher than that of the gear oils and the percentage of wear reduction is lower . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
